Dispersed nanoparticles (NPs) are of universal importance in the environment, energy-conversion technologies and biomedical applications. Particle sintering represents the general mechanism leading to destabilization of such dispersed NPs through particle migration-coalescence and/or Ostwald ripening[@b1][@b2][@b3][@b4][@b5][@b6]. Indeed, the performance of advanced functional nanoparticles such as photo-sensitivity of plasmonic NPs or light-emission performance of luminescent NPs is frequently degraded by particle sintering[@b7][@b8][@b9][@b10]. In particular, particle sintering is one of the most critical issues for catalytic NPs operating in harsh conditions including elevated temperatures, overpotentials or light illumination[@b1][@b5]. To mitigate particle sintering, strategies have been developed focusing on steric protection/confinement of nanoparticles by coated with porous shells[@b11][@b12][@b13][@b14][@b15], sandwiched between solid cores and porous shells[@b16][@b17][@b18][@b19][@b20], or encapsulated in the nanometer-sized channels of zeolites and their silica- and metal-organic framework mimics[@b21][@b22][@b23][@b24]. However, such confined structures passivate surface active sites of the NPs and are often accompanied by decrease in mass- and/or energy transfer, resulting in diminished catalytic activity. Laying emphasis on enlarging the particle-to-particle traveling distance of neighboring NPs through a rational design of the support materials, we here report a simple yet general strategy to prevent functional NPs from unfavorable sintering without sacrificing their intrinsic performance.

As illustrated in [Fig. 1a](#f1){ref-type="fig"}, NPs dispersed on the open surface of support materials can migrate all over the two-dimensional surface through Brownian motion and/or atomic diffusion. The neighboring two NPs with a particle-to-particle traveling distance, *d*, readily encounter to each other and grow into large particles when *d* \< 2*r*, where *r* corresponds to the migration length of individual NPs at a given temperature. The NPs encapsulated in porous supports ([Fig. 1b](#f1){ref-type="fig"}) are limited in mobility along the one-dimensional nanochannels, but the NPs residing in the same channel are still ready to grow into large particles when *d* \< 2*r*. As distinct from these typical forms of supported NPs, here suppose a material having a number of compartments with wide-mouth openings on the surface ([Fig. 1c](#f1){ref-type="fig"}). When the individual compartments are occupied by a single NP, the particle-to-particle traveling distance *d* is much larger than the spacing of neighboring particles due to the presence of the compartment wall. Even though the NPs and/or their constituent atoms can freely migrate over the compartment surface, the possibility of sintering is greatly lowered on account of the overlong traveling distance (*d* \> 2*r*)[@b24][@b25].

Results
=======

A proof-of-concept demonstration was implemented by utilizing dendrimer-encapsulated Pt NPs (PtDEN) as the active component ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"})[@b22][@b26], and three kinds of silica supports with different topology/nanostructures (the demonstration procedure is illustrated in [Supplementary Scheme S1](#S1){ref-type="supplementary-material"}). The compartment-rich support (CMPT) was consisted of three-dimensionally assembled silica nanosheets which afforded a large number of compartments (60--80 nm deep) with the top ends widely open (10--80 nm) (corresponding to [Figs 1c](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"} and [Supplementary Fig. S2](#S1){ref-type="supplementary-material"})[@b27]. The SBA15 support, a typical mesoporous silica material which has been intensively used to encapsulate catalytic NPs[@b22][@b23][@b24], had straight nanochannels with a pore size of 8.1 nm ([Fig. 1b](#f1){ref-type="fig"}; [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). Silica nanosphere support (NS) comprised filled silica particles with smooth surfaces ([Fig. 1a](#f1){ref-type="fig"}; [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}, see [Supplementary Table S1](#S1){ref-type="supplementary-material"} for more details about the three supports).

PtDEN (Pt particle size = 1.7 ± 0.3 nm) was first dispersed and immobilized on each of the silica supports at the same Pt loading weight (\~0.07 wt%, [Supplementary Table S2](#S1){ref-type="supplementary-material"}). There was negligible difference in Pt particle size for the obtained products, PtDEN/CMPT, PtDEN/SBA15 and PtDEN/NS ([Fig. 3a,b](#f3){ref-type="fig"} and c; [Supplementary Fig. S5](#S1){ref-type="supplementary-material"}). The spacing between the neighboring Pt particles (labelled in red circles in [Fig. 3a,b](#f3){ref-type="fig"} and c) was about 30 nm. The ratio of CMPT compartments to Pt NPs (compartment/particle ratio) was calculated as larger than 7.1 ([Supplementary Table S2](#S1){ref-type="supplementary-material"}), suggesting that each of the compartments of CMPT contained less than one Pt NP. Thus the particle-to-particle traveling distance for PtDEN/CMPT was likely much larger than 30 nm considering that the individual PtDENs were separated by the compartment walls.

These supported PtDENs were calcinated in air at 550 °C for 4 h to eliminate the dendrimer components and expose the active surface of Pt NPs[@b28][@b29], yielding Pt/CMPT, Pt/SBA15 and Pt/NS ([Fig. 3d,e](#f3){ref-type="fig"} and f). Through the calcination process, the nanostructure of CMPT was well preserved ([Supplementary Fig. S6a](#S1){ref-type="supplementary-material"}). The high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of Pt/CMPT clearly shows that the Pt NPs remained small and finely separated from each other by a number of silica nanosheets ([Supplementary Fig. S6b](#S1){ref-type="supplementary-material"}). The transmission electron microscopy (TEM) images revealed that the Pt particle size in Pt/CMPT was at 1.7 ± 0.4 nm, nearly unaffected by the high-temperature calcination, and no large Pt aggregates were observed throughout the support particles ([Fig. 3d,g](#f3){ref-type="fig"} and [Supplementary Fig. S6c](#S1){ref-type="supplementary-material"}). In marked contrast, after the same treatment, the Pt particle size in Pt/SBA15 and Pt/NS increased up to 7.1 ± 1.8 nm and 10.1 ± 3.6 nm, respectively ([Fig. 3e--g](#f3){ref-type="fig"}). The elemental mapping analysis further manifested that Pt was uniformly distributed over the support particles as for Pt/CMPT, but sintered into large aggregates as for Pt/NS ([Supplementary Fig. S7](#S1){ref-type="supplementary-material"}). High-resolution TEM indicates that all of the Pt NPs in the three samples had a face-center-cubic (FCC) structure ([Supplementary Fig. S8](#S1){ref-type="supplementary-material"}). No atomic fringes were observed for the supports (*i*.*e*., CMPT, SBA15 or NS), indicating that the support materials had an amorphous structure ([Supplementary Fig. S8](#S1){ref-type="supplementary-material"}).

When Pt loading of PtDEN/CMPT increased up to 0.21 wt% (compartment/particle ratio \>2.5), the particle size of Pt NPs still remained as 1.7 ± 0.4 nm after calcination to obtain Pt/CMPT, indicating that most of the Pt NPs were still highly separated by the compartment walls in this situation ([Supplementary Figs S9 and S10](#S1){ref-type="supplementary-material"}). Further raising the Pt loading to 0.35 wt%, 0.49 wt% and 0.84 wt%, the Pt NPs in Pt/CMPT grew up to 1.9 ± 1.0 nm, 2.0 ± 1.1 nm and 2.7 ± 2.1 nm, respectively, after the same calcination procedure ([Supplementary Figs S9 and S10](#S1){ref-type="supplementary-material"}). These results support the presumption that the chance for one compartment to hold more than one Pt NP increases with decreasing the compartment/particle ratio. The Pt NPs residing in the same compartment can grow into larger particles because of the short particle-to-particle traveling distance. It should be noted that CMPT achieved good spatial separation of Pt NPs even at higher metal loading (\>0.21 wt%) in view of the much smaller Pt particle size for all the CMPT-based samples than that for Pt/SBA15 and Pt/NS containing 0.07 wt% of Pt.

*In situ* heating HAADF-STEM observation was performed in vacuum at 550 °C over PtDEN/CMPT and PtDEN/SBA15 by directly heating the sample in the microscope column with a special sample holder. The results as shown in [Fig. 4a](#f4){ref-type="fig"} and b directly indicate that the Pt NPs reside in different compartments resembling a "ball in a cup" model, rather than simply wedged in between the silica nanosheets. More importantly, neither the size nor distribution of Pt NPs (labelled in red circles in [Fig. 4a](#f4){ref-type="fig"} and b) over CMPT was changed before and after being heated for 4 h. However, as regards the neighboring two Pt NPs (labelled in red circles, denoted as Particle 1 and Particle 2 in [Fig. 4c](#f4){ref-type="fig"} and d) situated in the same nanochannel of SBA15, Particle 1 diminished in size whereas Particle 2 gained a larger size after heated for 4 h, suggesting the occurrence of particle sintering via an Ostwald ripening mechanism in this scenario. Though the real situation of calcination in air can be different from that in vacuum[@b6], the above results support that the CMPT can indeed inhibit the unfavorable particle sintering because the particle-to-particle traveling distance exceeds twice of the atomic-diffusion length of individual NPs (*d* \> 2*r*).

Finally we examined the performance of the different supported catalysts (Pt/CMPT, Pt/SBA15 and Pt/NS) toward the oxidation of CO with O~2~ in a temperature range of 150--300 °C. As presented in [Fig. 5a](#f5){ref-type="fig"}, the activity of the three catalysts all increased with increase in the reaction temperature. Significantly high CO conversion rate was observed for Pt/CMPT in the whole temperature range in comparison with Pt/SBA15 and Pt/NS. After exposure to the reactive gas atmosphere at high temperatures, the Pt NPs in Pt/CMPT remained well separated and retained their particle size, while the textural parameters of Pt/CMPT were nearly unchanged ([Supplementary Table S1](#S1){ref-type="supplementary-material"}, [Figs S11 and S12](#S1){ref-type="supplementary-material"}). Though the Pt particle size of Pt/SBA15 (7.1 ± 1.8 nm) was smaller than that of Pt/NS (10.1 ± 3.6 nm), the conversion rate afforded by the former was only marginally higher than the later at 150 and 200 °C, and became lower when temperature ascended to 250 and 300 °C (see the inset of [Fig. 5a](#f5){ref-type="fig"}). Taking into account the pore size of SBA15 (8.1 nm), a portion of the nanochannels of SBA15 were likely blocked or nearly clogged by the Pt NPs. In fact, during the CO oxidation catalysis, the Pt NPs in Pt/SBA15 continuously grew (up to 7.4 ± 2.1 nm when the catalysis experiment completed) accompanied by a reduction in BET surface area of the sample ([Supplementary Table S1](#S1){ref-type="supplementary-material"}, [Figs S11 and S12](#S1){ref-type="supplementary-material"}), suggesting that the pore-blocking of Pt/SBA became more serious as CO oxidation proceeded and the reaction temperature increased. The eventual mass transfer resistance probably accounted for the lower catalytic activities of Pt/SBA15 at higher temperatures, when compared with Pt/NS which also showed a slightly increased Pt particle size (12.1 ± 3.5 nm) when completing the catalysis experiment yet facilitated fast diffusion of reactants and products over the open surface.

[Figure 5b](#f5){ref-type="fig"} displays the normalized CO conversion rates with respect to the number of Pt active sites, namely the number of molecules of CO converted per active site of Pt particles per second, as a function of temperature for the three catalysts. CO chemisorption measurement was adopted to evaluate the numbers of metal active sites (see Methods section). The normalized CO conversion rate defined herein could be seen as a multiplication of TOF and effectiveness factor (η). Pt/CMPT and Pt/NS exhibited virtually the same values at any measured temperature in [Fig. 5b](#f5){ref-type="fig"}. This indicates that the CMPT support provided the reactants with a fully-open access to the catalytic Pt NPs, the same as that of the NS support (η close to unity 1). Pt/SBA15 exhibited lower normalized CO conversion rates than the other two catalysts especially at high temperatures, which substantiates that SBA15-based supports are subject to constraints on mass transfer due to the pore-blocking by Pt NPs (η below unity 1). These results demonstrate the significance of the compartmented supports which not only enable the creation of small, sintering-resistant NPs with a great number of catalytic sites on the surface, but also allow reactant molecules to openly access to these catalytic sites with minimized diffusion limitation.

Discussion
==========

In this paper, we report a strategy to materialize sintering-resistant and open-access functional-NPs systems. Unlike the conventional methods confining functional NPs in protection materials, which most often lead to passivated active sites and poor mass- or energy transport, our emphasis is placed on elongation of the particle-to-particle traveling distance by utilizing support materials with large numbers of wide-mouthed compartments on the surface. Aside from silica, this proposed strategy is applicable to other reported three-dimensional nanosheet-assemblies including a wide range of oxides, such as Al~2~O~3~, TiO~2~, CeO~2~, Fe~2~O~3~, NiO, ZnO, MnO~2~, Co~3~O~4~, V~2~O~5~, WO~3~, as well as the manifold nanostructure arrays[@b30][@b31][@b32][@b33][@b34][@b35][@b36][@b37][@b38][@b39][@b40]. For example, compartmented NiO or ZnO loaded with monodispersed Cu NPs (acting as promoters) are promising for durable methane reforming[@b41][@b42]; Pt NPs on compartmented WO~3~ or TiO~2~ can serve as illumination-tolerant photocatalysts; compartmented graphene nanosheets would be efficient fuel-cell catalysts when combined with Pt NPs. As demonstrated here, the proposed strategy can be extended to a vast number of combinations of NPs and support materials. The materials design of unprotected and sintering-resistant NPs in open-access compartments will prompt the development of advanced functional nanomaterials with enhanced and sustained performance in practical applications.

Methods
=======

Preparation of Pt dendrimer-encapsulated nanoparticles
------------------------------------------------------

Pt dendrimer-encapsulated nanoparticles (PtDEN) were prepared via literature method[@b12]. Firstly, a dendrimer stock solution (250 μM) was prepared by adding calculated amount of water to the G6-OH methanol solution. An aqueous solution of K~2~PtCl~4~ (10 mM, 5 mL) was then mixed with the dendrimer stock solution in a round-bottomed flask to obtain the desired Pt: G6-OH molar ratio of 40:1. The flask was purged with N~2~ for 30 min, sealed tightly with a septum and stirred at room temperature for 66 h to achieve complete complexation of Pt^2+^ with the tertiary amines within the dendrimer interior. These precursor complexes were then reduced using a 20-fold molar excess of NaBH~4~ from a freshly prepared aqueous solution (0.5 M) and the reduction was allowed to proceed for 8 h. Afterwards the reaction solution was purified by dialysis against 2 L of water in cellulose dialysis sacks with a molecular weight cutoff of 12000 (Sigma-Aldrich). The dialysis process occurred over 48 h with the water changed 4 times.

Preparation of silica supports with different nanostructures
------------------------------------------------------------

Silica nanospheres (NS) with average diameter of 500 ± 20 nm were commercial available from Nissan Kagaku Co. (Japan). The compartment-rich silica (CMPT) was synthesized according to the previously reported method with a little modification (the reactant amounts were all reduced by half relative to the reported recipe)[@b27]. Briefly, NS were collected from silica colloid solution by centrifugation and subsequently calcinated in air at 550 °C for 6 h. The obtained white powder (120 mg) was dispersed in water (5 mL) by sonication for 1 h. NaBH~4~ (0.5 g) was added to the above solution under vigorous stirring and the mixture was soon transformed into a 20 mL Teflon-lined steel autoclave and incubated at 75 °C for 20 h. The resulting sample was collected by centrifugation, washed several times with water until the pH of washings became neutral, and then freeze-dried. Mesoporous silica SBA15 was synthesized using the conventional method[@b43]. In a typical preparation, P123 (0.4 g) was dissolved in water (3 g) and hydrochloric acid solution (2 M, 12 g) with stirring at 35 °C for 4 h. Then TEOS (0.85 g) was added into the solution and the resulting mixture was stirred at 35 °C for 20 h and aged at 100 °C for an additional 24 h. The white solid product was recovered by centrifugation, washed several times with water and ethanol, and freeze dried. Thereafter, the as-synthesized sample was calcinated in air at 550 °C for 6 h to remove the template molecules.

Preparation of silica-supported Pt nanoparticle catalysts
---------------------------------------------------------

PtDEN stock solution was diluted with water to get a final concentration of 0.07 mg mL^−1^. CMPT or NS powders (50 mg) were dispersed in water (5 mL) by sonication for 1 h to get a uniform dispersion. Then the desired volume (0.5 mL--6 mL, theoretically corresponding to 0.07--0.84 wt% Pt loading) of PtDEN dilute solution was added and the obtained mixture was shaken at 1200 rpm overnight. As for SBA15, to enable a homogeneous dispersion of PtDEN within the silica nanochannels, the silica powder (50 mg) was dispersed in water (2.5 mL) and ethanol (2.5 mL) by sonication for 1 h, followed by the addition of PtDEN dilute solution, and then the obtained mixture was sonicated for 4 h at room temperature[@b44]. In both cases the precipitates were separated by centrifugation, washed several times with water, and freeze-dried. The prepared samples were denoted as PtDEN/CMPT, PtDEN/SBA15, and PtDEN/NS, respectively. The thermal treatment of these as-synthesized samples was carried out by calcination in air at 550 °C for 4 h, which simultaneously removed the organic dendrimer molecules. The finally yielded samples were represented as Pt/CMPT, Pt/SBA15 and Pt/NS, respectively. Unless otherwise specified, the Pt loading for the above samples was controlled close to 0.07 wt%.

CO oxidation catalysis
----------------------

CO oxidation measurements were performed in a circulating-gas reactor under excess O~2~ conditions in the temperature range of 150--300 °C. The thermally activated catalysts Pt/CMPT, Pt/SBA15 and Pt/NS were reduced in flowing H~2~ (5%) at 200 °C for 1 h, and vacuum-dried in the reactor at 150 °C prior to the catalytic test. A gas mixture of CO (8.47 kPa) and O~2~ (15.63 kPa) was circulated through the catalyst (25 mg) at a given temperature in the reaction line by using a recirculation pump. The volume of the circulation tube is 133.9 mL. Gas chromatograph (Shimadzu GC-8A) was used to separate the products for analysis. The reaction time for measuring CO conversion rate was in the range of 3--35 min. Normalized CO conversion rate was calculated by dividing CO conversion rate by the amount of available Pt surface active sites determined by CO chemisorption, according to which Pt/CMPT, Pt/SBA15 and Pt/NS exhibited a metal dispersion value of 67%, 22%, and 18%, respectively.

Characterization
----------------

Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) images, high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and energy dispersive X-ray spectrometry (EDX)-mapping micrographs were obtained using a JEOL JEM-2100F microscope operating at 200 kV. *In situ* heating HAADF-STEM observation was performed by directly heating the sample in the column of JEOL JEM-2100F microscope with a double tilt heating holder (GATAN model 652). The pressure inside the column of this electron microscope was kept below 4 × 10^−5^ Pa. Pt particle size distribution histograms were obtained through measurement of at least 100 randomly selected nanoparticles. Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) images were obtained using a Hitachi S-4800 field-emission scanning electron microscope operating at 10 kV and 30 kV, respectively. The Pt loading of the sample was determined by inductively coupled plasma mass spectrometry (ICP-MS) over a ELAN 600 system. Nitrogen adsorption-desorption isotherms were acquired using a Quantachrome Autosorb-iQ analyzer at −196 °C. Before the measurement, degassing was conducted at 120 °C for 12 h. The Brunauer-Emmett-Teller (BET) specific surface area was calculated based on the adsorption isotherm. The pore size distribution was calculated from the adsorption branch using the Barrett-Joyner-Halenda (BJH) method. The total pore volume was estimated from the amount adsorbed at a relative pressure (P/P~0~) of 0.99. Pulse CO chemisorption was conducted on a Micromeritics AutoChem II 2910 instrument at 25 °C. Before the chemisorption, samples were heated to 200 °C for 1 h in the vacuum chamber to remove the adsorbed water, and then cooled down to room temperature and subjected to CO gas.
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![Schematic illustration of the relationships between support topology and particle sintering.\
Nanoparticles dispersed on (**a**) the solid supports with two-dimensional open surface, (**b**) the porous supports with one-dimensional nanochannels, and (**c**) the supports enriched with wide-mouthed compartments on the surface. *d* stands for the particle-to-particle traveling distance of neighboring two particles, while *r* denotes the migration length of individual particles at a given temperature.](srep41773-f1){#f1}

![Topology/nanostructure characterization of the compartment-rich support (CMPT).\
(**a**) SEM- and (**b**) TEM images of CMPT. The red arrows in (**a**) and (**b**) respectively denote the opening width (10--80 nm) and depth (60--80 nm) of the compartments on the surface of CMPT.](srep41773-f2){#f2}

![Comparison of the thermal stability of Pt particles immobilized on three supports with different topology/nanostructures.\
(**a**,**b**) TEM- and (**c**) HAADF-STEM images of the as-synthesized (**a**) PtDEN/CMPT, (**b**) PtDEN/SBA15 and (**c**) PtDEN/NS. TEM images of the thermally treated (**d**) Pt/CMPT, (**e**) Pt/SBA15 and (**f**) Pt/NS with identical Pt loading, and (**g**) their Pt particle size distribution compared with PtDEN. The thermal treatment was carried out by calcination in air at 550 °C for 4 h.](srep41773-f3){#f3}

![*In situ* monitoring the behaviour of Pt particles immobilized on different nanostructured supports at high temperature.\
HAADF-STEM images recorded *in situ* of the same area of the (**a**,**b**) PtDEN/CMPT and (**c**,**d**) PtDEN/SBA15 samples (**a**,**c**) before and (**b**,**d**) after the heat treatment at 550 °C for 4 h under high vacuum. (Inset: schematic illustration of the possible states of the Pt NPs labelled in red circles).](srep41773-f4){#f4}

![Comparison of catalytic performance in CO oxidation reaction.\
(**a**) CO conversion rate and (**b**) normalized CO conversion rate with respect to the number of Pt active sites, as a function of temperature for Pt/CMPT (red), Pt/SBA15 (green), and Pt/NS (blue). (Inset: comparison of the results at 150 and 300 °C in the form of bar chart).](srep41773-f5){#f5}
